Background {#S1}
==========

Arsenic is a ubiquitous metalloid found in the environment and is the highest priority contaminant on the Agency for Toxic Substances and Disease Registry's (ATSDR) 2017 Substance Priority List ([@R1]). Exposure to inorganic arsenic (iAs) is a global public health problem, impacting communities in the United States (U.S.), Mexico, Bangladesh, and China, among others ([@R2]). Importantly, iAs exposure has been linked to a wide range of chronic health outcomes, including cancers of the skin, lung, liver, and bladder; diabetes, immunosuppression; and pregnancy complications ([@R2], [@R3]).

Given the global impact of iAs exposure on human health, identifying reliable biomarkers of iAs exposure is an important task. The concentrations of total or speciated arsenic in the blood, urine, saliva, hair, or toenails have been used as biomarkers of iAs exposure in both population-based or clinical studies ([@R4]). Among these biomarkers, the urinary concentrations of iAs and its methylated metabolites, monomethylated arsenic (MMAs) and dimethylated arsenic (DMAs), are currently considered the gold-standard for iAs exposure assessment ([@R4]). Importantly, these measures have also been used to characterize the individual capacity to metabolize (detoxify) iAs and to estimate the risk of disease associated with iAs exposure. Differences in the concentrations or proportions of iAs, MMAs, and DMAs have been linked to susceptibility to a variety of adverse health effects of iAs exposure ([@R5], [@R6]). For example, high proportions of urinary MMAs (%U-MMAs) have been associated with higher risk of cancers and skin lesions ([@R5], [@R6]), while high %U-DMAs has been associated with diabetes risk ([@R7]). However, the concentrations of urinary arsenicals reflect only recent iAs exposure. In addition, some studies suggest that the distribution of arsenicals in the urine does not represent the distribution found in target organs ([@R8]). Therefore, there is a clear need to examine other biological matrices which could serve as sources of reliable biomarkers of iAs exposure, iAs metabolism, and/or disease risk in target tissues.

The concentrations of arsenic species in blood plasma may serve as alternatives to urinary arsenicals, as they represent an internal exposure level and reflect the amounts and composition of iAs and its metabolites that directly interact with target organs ([@R8], [@R9]). This has biological significance because unbound arsenicals in the plasma are available for transport into target tissues and, therefore, may more closely represent target organ-specific exposure to individual arsenic species than urinary arsenicals. However, quantitative speciation analysis of arsenic in plasma is difficult because the concentrations of arsenicals are low and these arsenicals are, in part, bound to plasma proteins ([@R10]). To date, only two human studies have measured levels of arsenicals in plasma. One of these studies examined speciation of arsenic in both red blood cells and the plasma of a small cohort of adults living in West Bengal, India that were exposed to iAs via drinking water ([@R10]), and the other linked the concentrations and proportions of plasma arsenicals to the odds of type-1 and type-2 diabetes among adolescents in a U.S. cohort ([@R9]). However, neither study has confirmed that measures of arsenic species in plasma reflect iAs exposure by examining the relationship between the concentrations of arsenicals in plasma with those in urine, or with measures of iAs in food, soil, or drinking water.

The goal of this present study was to determine if iAs and/or its methylated metabolites in plasma can serve as biomarkers of iAs exposure or metabolism. To achieve this goal, we quantified arsenic species in plasma collected from individuals living in the Zimapan and Lagunera regions of Mexico, for whom we have previously reported drinking water iAs and urinary arsenicals ([@R7]). To investigate whether plasma arsenicals could serve as biomarkers of iAs exposure, the association between the concentrations of plasma arsenicals and drinking water iAs was examined. Proportions of plasma arsenicals were also compared to drinking water iAs levels to investigate whether plasma arsenicals could provide information about the efficiency of iAs metabolism. In addition, plasma arsenicals were compared to urinary arsenicals, the current gold-standard biomarker of both iAs exposure and metabolism. These results suggest that the concentrations of iAs and its metabolites in plasma are reliable biomarkers of iAs exposure and that key differences between the distribution of plasma and urinary arsenicals may have larger implications for the use of urinary biomarkers of iAs exposure and metabolism.

Methods {#S2}
=======

Study Recruitment {#S3}
-----------------

Study recruitment has been described elsewhere ([@R7], [@R11]). Briefly, study participants were recruited among the residents, both adults and children, of the Zimapan and Lagunera regions in Mexico, where chronic exposures to iAs in drinking water have frequently been reported ([@R12]--[@R15]). Potential participants gave written informed consent and completed a detailed questionnaire to assess eligibility and collect information regarding demographics, the use and sources of drinking water, history of disease, and medication use. Participants were eligible for recruitment if they had lived in the study areas for a minimum of 2 years and reported no occupational exposure to iAs. Individuals were further excluded from enrollment if they self-reported being pregnant, an alcoholic, having chronic or acute urinary tract diseases, or type 1 diabetes. In addition, only genetically unrelated individuals were recruited into this cohort to facilitate genotypic analyses described in the original reports ([@R7], [@R11]). All procedures involving human subjects in the original and this current study have been approved by Institutional Review Boards of the Centro de Investagacion y de Estudios Avanzados del Instituto Politecnico Nacional (Cinvestav-IPN) and/or the University of North Carolina at Chapel Hill (UNC-CH). The final study population was composed of 258 individuals.

Sample Collection {#S4}
-----------------

Participants enrolled in this study underwent medical examination where body weight, height, and blood pressure were recorded. Spot urine and fasting venous blood samples were collected from each individual during the examination. Urine was aliquoted and snap-frozen in dry ice immediately following collection. Fasting venous blood was collected into EDTA-vacutainers (Becton, Dickinson and Co., Franklin Lakes, NJ). Plasma was prepared from the whole blood by centrifugation at 4°C and immediately snap-frozen in dry ice. At the medical examination, participants also provided a sample of their drinking water. The water, urine, and plasma samples were packed on dry ice and transported to Cinvestav-IPN or the Universidad Juarez del Estado de Durango and stored at −80°C until analysis. Drinking water and urine samples were analyzed at Cinvestav-IPN or the Universidad Juarez del Estado de Durango. Plasma samples were later shipped on dry ice to UNC-CH for analysis.

Arsenic Quantification in Urine, Plasma, and Drinking Water {#S5}
-----------------------------------------------------------

The analysis of arsenic species in drinking water and in urine was carried out in the original study ([@R7]) and has been previously described in detail ([@R16], [@R17]). Briefly, the concentration of iAs in drinking water was measured by hydride generation (HG)-atomic fluorescence spectrometry. The concentrations of iAs and its methylated metabolites in urine (U-iAs, U MMAs, and U-DMAs) were determined using HG-atomic absorption spectrometry with cryotrapping (CT) ([@R16], [@R18]). In this method, pentavalent and trivalent species of arsenic (i.e. iAs^III^, iAs^V^, MMAs^III^, MMAs^V^, DMAs^III^, and DMAs^V^) were measured separately and summed to calculate U-iAs, U-MMAs and U-DMAs. The sum of U-iAs + U-MMAs + U-DMAs was further calculated to assess total urinary arsenic (U-tAs). The limit of detection (LOD) for pentavalent and trivalent arsenic species was 0.1 ng/mL. Samples below the LOD were imputed as LOD/√2. No samples were below the LOD for U-iAs^III^, 15% \< LOD for U-iAs^V^, 26% \< LOD for U MMAs^III^, 0.8% \< LOD for U-MMAs^V^, 14% \< LOD for U-DMAs^III^, and 0.3% \< LOD for U DMAs^V^. The proportions of U-iAs, U-MMAs, and U-DMAs (expressed as %U-iAs, %U-MMAs, and %U-DMAs) were calculated by dividing by U-tAs and multiplying by 100. The concentrations of arsenic species in urine are expressed as μg/L and are specific gravity (SG) adjusted according to the following formula: Arsenic~SG~ = Arsenic\[(1.013--1)/(SG-1), where Arsenic~SG~ is the specific gravity-corrected arsenical concentration and 1.013 is the average SG in the Zimapan and Lagunera cohort. SG was measured for each urine sample using a digital Atago PAL refractometer (Atago USA). Urine samples were collected from 257 of the participants and samples with a SG exactly equal to 1.0 (N=25) were excluded from further analysis, leaving 232 participants with urinary arsenicals in this study.

The concentration of plasma arsenicals (P-iAs, P-MMAs, and P-DMAs) were measured in the present study using HG-CT-inductively coupled plasma-mass spectrometry (ICP-MS) ([@R9], [@R10], [@R19]). The LODs were 0.63 ng As/L for iAs and 0.05 ng As/L for MMAs and DMAs. The LOD for iAs is higher than the LOD for MMAs and DMAs as a result of the higher background levels of iAs in blank samples. The inter-assay coefficients of variation were 3.6% for iAs, 3.8% for MAs, and 3.3% for DMAs. To ensure accuracy of the analysis, a standard reference material, Arsenic Species in Frozen Human Urine (SRM 2669; National Institute of Standards and Technology) diluted in deionized water was analyzed with approximately every other group of samples for a total of 34 times. The average concentrations of iAs, MMAs, and DMAs in SRM 2669 determined by HG-CT-ICP-MS represented 90.4%, 94.5%, and 79.6% of the certified values, respectively. For additional quality control, SRM 2669 was diluted in a sample of human plasma. The averaged concentrations determined by 12 independent analyses represented 97.1%, 98.6%, and 89% of the certified values for iAs, MMAs, and DMAs, respectively. The sum of P-iAs + P-MMAs + P-DMAs was calculated to produce total plasma arsenic (P-tAs). The proportion of plasma arsenic species (expressed as %P-iAs, %P-MMAs, and %P-DMAs) were calculated as described above for urine.

Statistical Analysis {#S6}
--------------------

Differences in the proportions of arsenicals in plasma and urine and the distribution of plasma arsenicals by demographic factors were examined and statistical significance was assessed using Kruskal-Wallis tests. In order to evaluate the potential for speciated plasma arsenicals to serve as biomarkers of iAs exposure, we investigated the relationship between iAs concentrations in drinking water, concentrations and proportions of plasma arsenicals, and concentrations and proportions of urine arsenicals using Spearman correlation coefficients. Additionally, the potential for non-linear associations between indicators of iAs exposure were investigated using locally weighted scatterplot smoothing (LoWeSS).

The relationships between drinking water iAs, speciated plasma arsenicals, and speciated urine arsenicals were examined using multivariable linear regression models to adjust for relevant variables that may be potential confounders. Relevant variables were selected based on the identification of demographic factors associated with plasma arsenicals. The following variables were considered for inclusion in these models: sex (male/female), age (≤ 18 vs. 19--35 vs. 36--55 vs. ≥55), body mass index (BMI; underweight vs. normal vs. overweight vs. obese), smoking status (yes/no), alcohol consumption (yes/no), and seafood consumption in the past week (yes/no). BMI was categorized according to the World Health Organization (WHO) recommendations: Underweight \< 18.5 kg/m^2^; 18.5 kg/m^2^ ≤ Normal BMI \< 25 kg/m^2^; 25 kg/m^2^ ≤ Overweight BMI \< 30 kg/m^2^; Obese ≥ 30 kg/m^2^ ([@R20]). Levels of drinking water iAs, plasma and urine arsenicals, but not their proportions, were log-transformed to approximate a normal distribution. For models where both the exposure and outcome were log-transformed, the percent change in the outcome associated with a doubling of the exposure was reported. For models where only the exposure was log-transformed, the mean difference in the outcome associated with a doubling of the exposure was reported. Given that LoWeSS lines indicated the relationship between drinking water iAs and the proportions of plasma arsenicals may be quadratic, polynomial linear regression models where drinking water iAs was coded as a quadratic function were also examined. All statistical analyses were carried out using SAS version 9.4 (Cary, NC) and statistical significance was set at p \< 0.05.

Code Availability {#S7}
-----------------

Code underlying these analyses have not been made publically available.

Results {#S8}
=======

Cohort Demographics and Arsenic Exposure Indicators {#S9}
---------------------------------------------------

The study comprises 258 individuals living in the Zimapan and Lagunera areas of Mexico. Demographic characteristics are summarized in [Table 1](#T1){ref-type="table"}. The majority of participants were women (67%), non-smokers (91%), did not self-report alcohol consumption (79%), and did not self-report seafood consumption within the past week (89%). The median age was 35 years, ranging from 5 -- 88 years. Levels of drinking water iAs and urinary arsenicals in this population have been reported elsewhere ([@R7]). Briefly, water iAs levels ranged from 3.1 -- 215.2 ppb, with a median of 22.1 ppb. The median urine iAs levels were 3.5 ppb, 3.9 ppb, 19.4 ppb and 27.7 ppb for U-iAs, U-MMAs, U-DMAs, and U-tAs, respectively.

Levels and Distribution of Arsenic Species in Plasma {#S10}
----------------------------------------------------

Plasma samples from 242 (94%) of the participants were available for arsenic analysis in this study ([Table 1](#T1){ref-type="table"}). No samples were below the LOD. The levels of arsenicals in plasma were one to two orders of magnitude lower than those in urine, with a median of 185.4 ppt for P-iAs, 188.3 ppt for P-MMAs, 336.4 ppt for P-DMAs, and 718.4 ppt for P-tAs ([Table 1](#T1){ref-type="table"}). Interestingly, the distribution of plasma arsenicals differed from the distribution of arsenicals in urine ([Figure 1](#F1){ref-type="fig"}). Specifically, there were higher %iAs and %MMAs and lower %DMAs in plasma compared to urine. Notably, the levels and distribution of plasma arsenicals differed by sex and age ([Table 2](#T2){ref-type="table"}). The median levels of P-MMAs and %P-MMAs were lower in females compared to males. The levels of P-tAs increased significantly with age, suggesting that older individuals had greater exposure to iAs or that the excretion of iAs into urine is impaired. In addition, levels of P MMAs, P-DMAs and %P-DMAs increased, while %P-iAs decreased with increasing age. This may suggest that older individuals in the cohort also methylated iAs more efficiently than younger individuals. Additionally, %P-iAs decreased with increasing BMI, while %P-MMAs and %P-DMAs increased, which is consistent with higher methylation efficiency in overweight and obese individuals as compared to those with normal weight. Seafood consumption was also associated with lower P-iAs and %P-iAs and higher P-DMAs and %P-DMAs. Lastly, %P MMAs were marginally lower among non-smokers. Alcohol consumption was not associated with changes in either the levels or proportions of arsenicals in plasma.

Associations between Drinking Water iAs and Levels of Plasma and Urinary Arsenicals {#S11}
-----------------------------------------------------------------------------------

In order to determine whether plasma arsenicals may serve as biomarkers of iAs exposure or metabolism, we examined the association between drinking water iAs levels and the concentrations of plasma arsenicals. In univariate comparisons, we found moderate correlations between measures of drinking water iAs and the concentrations of P-MMAs (r~s~ = 0.45), P-DMAs (r~s~ = 0.48), and P-tAs (r~s~ = 0.41) ([Figure 2](#F2){ref-type="fig"}; [Supplemental Table 1](#SD1){ref-type="supplementary-material"}). The strength of these correlations were similar to those found between drinking water iAs levels and concentrations of urinary arsenicals in this cohort ([Supplemental Table 1](#SD1){ref-type="supplementary-material"}). Interestingly, no correlation was found between drinking water iAs and P-iAs (r~s~ = 0.01). These relationships remained consistent after adjusting for age, sex, BMI, smoking status, and seafood consumption. A doubling of the concentration of drinking water iAs levels was associated with higher P-iAs (6.3%, 95% Confidence Interval \[CI\] = −0.7, 13.9), P-MMAs (21.0%, 95% CI: 14.4, 27.9), P-DMAs (21.5%, 95% CI: 15.0, 28.3), and P-tAs (17.0%, 95% CI: 11.3, 23.0) ([Table 3](#T3){ref-type="table"}).

Levels of plasma and urinary arsenicals were compared to determine whether there are important differences between plasma arsenicals and an established biomarker of iAs exposure. We observed strong positive correlations between P-MMAs and U-MMAs (r~s~ = 0.60), P-DMAs and U-DMAs (r~s~ = 0.61), and P-tAs and U-tAs (r~s~ = 0.59) ([Figure 3](#F3){ref-type="fig"}). Again, the correlation between P-iAs and U-iAs was weak (r~s~ = 0.13), although it did reach marginal statistical significance. These relationships remained largely consistent after adjusting for age, sex, BMI, smoking status, and seafood consumption ([Table 4](#T4){ref-type="table"}). Notably, the association between P-iAs and U-iAs was stronger following adjustment for confounders, with a doubling of P-iAs associated with a mean U-iAs that was 12.9% (95% CI: 2.5, 24.2) higher.

Associations between Drinking Water iAs and Proportions of Plasma and Urinary Arsenicals {#S12}
----------------------------------------------------------------------------------------

In order to investigate whether plasma arsenicals may serve as biomarkers of iAs metabolism, we examined the associations between drinking water iAs levels and the proportions of plasma arsenicals. Again, we also compared the proportions of plasma arsenicals to the proportions of urinary arsenicals, which are the currently accepted biomarkers of iAs metabolism. Drinking water iAs levels were negatively correlated with %P-iAs (r~s~ = −0.42) and positively correlated with %P-MMAs (r~s~ = 0.28) and %P-DMAs (r~s~ = 0.37) ([Figure 4](#F4){ref-type="fig"}; [Supplemental Table 2](#SD1){ref-type="supplementary-material"}). The strength of the association between the proportions of drinking water iAs and the proportions of urinary arsenicals tended to be stronger than for plasma arsenicals, except for %U-iAs, which was uncorrelated with drinking water iAs levels ([Supplemental Table 2](#SD1){ref-type="supplementary-material"}). Associations remained consistent following adjustment for age, sex, BMI, smoking status, and seafood consumption ([Table 5](#T5){ref-type="table"}). After adjusting for these relevant variables, a doubling in the concentration of drinking water iAs was associated with lower %P-iAs (−3.6%, 95% CI: −5.1, −2.1), and higher %P-MMAs (1.2%, 95% CI: 0.4, 2.0), and %P-DMAs (2.4%, 95% CI: 1.2, 3.7). Interestingly, LoWeSS lines indicated a potentially curvilinear relationship between drinking water iAs and %P-iAs, %P-MMAs, and %P-DMAs, which may suggest a possible saturation of iAs methylation at higher levels of iAs exposure ([Figure 4](#F4){ref-type="fig"}). Polynomial regression models indicated that there was a significantly curvilinear relationship between drinking water iAs and the proportions of each of the plasma arsenicals ([Supplemental Table 3](#SD1){ref-type="supplementary-material"}).

With respect to urinary arsenicals, there was a moderate positive correlation only between %P-DMAs and %U-DMAs (r~s~ = 0.38) ([Figure 5](#F5){ref-type="fig"}). This association remained significant after adjusting for age, sex, BMI, smoking, and seafood consumption, where a 10 percentage point increase in %P-DMAs was associated with an average %U-DMAs that was 1.6 (95% CI: 0.1, 3.1) percentage points higher ([Table 6](#T6){ref-type="table"}). The associations between %P-iAs and %U-iAs and between %P-MMAs and %U-MMAs remained null.

Discussion {#S13}
==========

In the present study, plasma arsenicals were evaluated as potential biomarkers of exposure to iAs in a cross-sectional cohort of individuals living in the Zimapan and Lagunera regions of Mexico. There were three primary findings in this study. First, the levels and proportions of plasma arsenicals were quantified and their distribution was found to vary across important sociodemographic factors, such as sex and age. Second, drinking water iAs levels were correlated with P-tAs and many individual plasma arsenicals, supporting its potential as a biomarker of iAs exposure and metabolism. Third, we compared the concentrations and proportions of arsenicals in urine, the current gold-standard biomarker of iAs exposure and metabolism, with those in plasma. We showed that, in spite of significant correlations between concentrations of MMAs, DMAs and tAs measures, there were key differences in the arsenical distribution between plasma and urine.

Plasma levels of arsenic species were much lower than the levels in urine, likely due to rapid metabolism and excretion of iAs ([@R4]). Still, P-tAs concentrations (0.22 -- 9.67 μg As/L) were higher than those previously reported in the plasma of children and adolescents in the SEARCH for Diabetes in Youth Case-Control (SEARCH-CC) cohort (0.026 -- 1.25 μg As/L) ([@R9]). This difference reflects the fact that levels of iAs exposure in the Zimapan and Lagunera regions of Mexico are higher than those observed in the general U.S. population ([@R12]--[@R14]). Interestingly, the distribution of arsenicals differed between the plasma and the urine, with higher %iAs and %MMAs and lower %DMAs in plasma. Similar proportions of plasma arsenicals were previously reported in an iAs-exposed population in India ([@R10]). However, these values differ from proportions reported in the SEARCH-CC cohort ([@R9]). For example, a median of 63.4% P-iAs was reported among participants in the SEARCH-CC cohort, while a median of 23.7% P-iAs was observed in this study. These differences may stem from differences in age and magnitude of iAs exposure in this cohort, which we have shown to be negatively associated with %P-iAs. Additionally, differences in ethnicity and arsenic (+3 oxidation state) methyltransferase (AS3MT) genotype may also be related to differences in the distribution of plasma arsenicals between these populations ([@R21]).

It has been previously suggested that the distribution of arsenicals in urine may differ from the distribution in tissues. We have previously shown that %iAs is higher and %DMAs lower in bladder epithelial cells compared to urine of individuals exposed to iAs in drinking water ([@R8]). These observations are consistent with what we observed in plasma arsenicals in the present study. Thus, the proportions of arsenicals in plasma may better reflect the distribution of arsenicals retained in tissues, including target tissues such as the bladder ([@R8]). The finding that %DMAs is higher in urine while %iAs is higher in tissues is consistent with the concept of iAs methylation as a detoxification pathway, where DMAs formation facilitates excretion of arsenic from the body. Liver is thought to be the primary site of iAs methylation ([@R22]). However, our observation that the distribution of arsenicals in the plasma differs from that in the urine suggests that iAs in plasma may undergo additional methylation prior to excretion. Possible sites of further iAs methylation are the kidneys, which have been shown to have iAs methylation activity in mice ([@R23]). Alternatively, kidney function may explain the discrepancy between the distribution of arsenicals in the plasma and the urine. For example, preferential excretion of DMAs and reabsorption of iAs by the kidneys could explain higher %iAs and lower %DMAs in the plasma compared to urine. This is supported by Rosen and colleagues, who have shown that mammalian glucose transporter GLUT1 facilitates transport of trivalent iAs ([@R24]). They suggested that trivalent iAs can form trimers that resemble a six-membered cyclic oxo-bridged rings of glucose ([@R25]), making it a potential substrate for GLUT-mediated transport. Thus, iAs might be reabsorbed from primary urine along with glucose via glucose transporters.

The concentrations of plasma arsenicals, specifically P-tAs, P-MMAs and P-DMAs, were positively associated with the concentration of iAs in drinking water, indicating that these arsenic measures can serve as reliable biomarkers of iAs exposure from drinking water. The strength of the correlations between most of the plasma arsenicals and water iAs was similar to that of the correlation between urinary arsenicals and drinking water iAs in this cohort, which are generally accepted as biomarkers of chronic iAs exposure. Interestingly, P-iAs was not correlated with drinking water iAs and was only marginally correlated with U-iAs, although it was significantly associated with U-iAs in our multivariable linear regression models. Despite the fact that P-iAs was not associated with iAs exposure via drinking water, it is an internal measure of iAs exposure. Therefore, it may still better approximate target organ-specific iAs exposures than U-iAs.

Interestingly, we observed that drinking water iAs was negatively associated with %P-iAs and positively associated with %P-MMAs and %P-DMAs. This is in contrast with existing data on proportions of urinary arsenicals, including a recent meta-analysis of factors affecting iAs metabolism, which report that iAs exposure was associated with higher %U-iAs and lower %U-DMAs ([@R26]). However, it is worth noting that drinking water iAs and %U-DMAs are also positively associated in this cohort. Additionally, we observed that the relationship between drinking water iAs and the proportion of plasma arsenicals was curvilinear, with a plateauing of this association as drinking water iAs levels increased. This may suggest a possible saturation of the pathway for iAs methylation at higher levels of iAs exposure. Similar observations have been published in other studies examining the relationship between iAs exposure and proportions of urinary arsenicals. For example, Lindberg and colleagues found that %U-DMAs production was inhibited by increasing exposure to iAs, starting around 50 μg/L As in the urine ([@R27]). However, while the proportions of arsenic species are often believed to represent changes in iAs metabolism, they actually represent several processes that include metabolism, along with other processes, such as transport across cell membranes and excretion of arsenicals into urine.

This study has both strengths and limitations. These data are from a moderately-sized cohort with previously reported measures of drinking water iAs and urine arsenicals, in which we conducted additional analysis of arsenicals in stored plasma samples. This study is among the first to report measurements of arsenicals in both plasma and urine, although plasma arsenicals have been previously measured in other cohorts ([@R9], [@R10]). However, while this study collected detailed demographics information, it is missing information on several factors that may be important contributors to iAs exposure or metabolism. First, indicators of socioeconomic status were not collected. Second, dietary factors that could affect iAs metabolism, such as dietary nutrients involved in one-carbon metabolism (e.g. folate or methylcobalamine), were not assessed. Dietary intake of these nutrients may be potential sources of uncontrolled confounding in the analyses ([@R28], [@R29]). On the other hand, diet has also been shown to be an important source of iAs exposure in the Lagunera region of Mexico ([@R14]). The addition of this information could further inform the role of plasma arsenicals as biomarkers of iAs exposure. Third, the analytical methods used in both the original and present study did not measure organic arsenicals, such as arsenobetaine, which could have been used to better isolate the amount of plasma and urine arsenicals represented by exposure to iAs ([@R30]). Lastly, information regarding kidney function was not collected, but is likely an important factor controlling the transport of arsenic species from the plasma to the urine. It has been previously shown that kidney function is related to changes in urinary biomarkers of iAs exposure and metabolism. Specifically, deficiencies in kidney function are associated with lower %U-iAs and higher %U-DMAs in the urine ([@R31], [@R32]). Adjusting for kidney function may explain the differences in the distribution of arsenicals between the plasma and the urine observed in this study, and may improve the strength of the association between iAs in drinking water and arsenicals in plasma and urine.

In conclusion, this study is among the first to comprehensively examine plasma arsenicals as potential biomarkers of iAs exposure and metabolism. Significant associations between drinking water iAs and plasma arsenicals were observed. However, while levels of plasma arsenicals were associated with levels of urine arsenicals, the proportions of plasma arsenicals were largely unassociated with proportions of urine arsenicals. These results have important implications for the use of the proportion of urinary arsenicals as biomarkers of the internal dose of iAs exposure or as a measure of the efficiency of iAs metabolism.
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###### 

Demographic characteristics, measures of water, urine, and plasma arsenic species in the Zimapan and Lagunera cohort.

                                                                     N (%)        Median (IQR)    Range
  ------------------------------------------------------------------ ------------ --------------- ------------------
  Age (years)                                                        258 (100)    35 (32)         5 -- 88
  Sex                                                                                             
  Male                                                               84 (32.6)                    
  Female                                                             174 (67.4)                   
  BMI^[1](#TFN1){ref-type="table-fn"}^                                                            
  Underweight                                                        30 (11.9)                    
  Normal                                                             68 (27.0)                    
  Overweight                                                         72 (28.6)                    
  Obese                                                              82 (32.5)                    
  Smoking                                                                                         
  Non-Smoker                                                         234 (90.7)                   
  Smoker                                                             24 (9.3)                     
  Alcohol Consumption                                                                             
  No                                                                 203 (78.7)                   
  Yes                                                                55 (21.3)                    
  Recent Seafood Consumption^[2](#TFN2){ref-type="table-fn"}^                                     
  No                                                                 230 (89.5)                   
  Yes                                                                27 (10.5)                    
  Water iAs (μg/L)                                                   258 (100)    22.1 (41.6)     3.1 -- 215.2
  Urinary Arsenic Measures^[3](#TFN3){ref-type="table-fn"}^ (μg/L)   232 (90)                     
  U-iAs                                                                           3.5 (4.3)       0.3 -- 26.9
  U-MMAs                                                                          3.9 (4.3)       0.4 -- 24.2
  U-DMAs                                                                          19.4 (26.5)     1.4 -- 144.8
  U-tAs                                                                           27.7 (34.4)     3.8 -- 164.1
  Plasma Arsenic Measures (ng/L)^[4](#TFN4){ref-type="table-fn"}^    242 (94)                     
  P-iAs                                                                           185.4 (128.0)   10.8 -- 5,071.7
  P-MMAs                                                                          188.3 (217.2)   47.5 -- 2844.5
  P-DMAs                                                                          336.4 (326.2)   83.4 -- 3,155.3
  P-tAs                                                                           718.4 (598.3)   221.3 -- 9,669.9
  Urinary Arsenic Measures^[3](#TFN3){ref-type="table-fn"}^ (%)      232 (90)                     
  %U-iAs                                                                          12.4 (8.0)      3.5 -- 64.4
  %U-MMAs                                                                         14.8 (7.7)      3.3 -- 48.0
  %U-DMAs                                                                         71.0 (13.5)     18.9 -- 90.8
  Plasma Arsenic Measures (%)^[4](#TFN4){ref-type="table-fn"}^       242 (94)                     
  %P-iAs                                                                          23.7 (21.6)     3.2 -- 62.2
  %P-MMAs                                                                         27.5 (9.1)      11.4 -- 47.0
  %P-DMAs                                                                         46.0 (16.7)     17.5 -- 72.2

n = 6 missing;

n = 1 missing;

Urine arsenic measures shown are specific gravity-adjusted; samples with a specific gravity equal to 1.0 (N = 25) were omitted;

n = 16 missing. Abbreviations: IQR = inter-quartile range; BMI = body mass index.

###### 

Differences in the concentrations and proportions of plasma arsenicals (ng/L) by demographic characteristics (N=242).

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Characteristic                                 N (%)        P-iAs\                                             P-MMAs\                                            P-DMAs\                                              P-tAs\                                                %P-iAs\                                          %P-MMAs\                                        %P-DMAs\
                                                              Median\                                            Median\                                            Median\                                              Median\                                               Median\                                          Median\                                         Median\
                                                              (IQR)                                              (IQR)                                              (IQR)                                                (IQR)                                                 (IQR)                                            (IQR)                                           (IQR)
  ---------------------------------------------- ------------ -------------------------------------------------- -------------------------------------------------- ---------------------------------------------------- ----------------------------------------------------- ------------------------------------------------ ----------------------------------------------- -------------------------------------------------
  Sex                                                                                                                                                                                                                                                                                                                                                                           

  Male                                           76 (31.4)    206.2 (150.7)                                      243.0 (281.1)                                      356.0 (403.0)                                        838.9 (764.4)                                         20.2 (19.1)                                      29.8 (9.4)                                      46.3 (17.5)

  Female                                         166 (68.6)   182.8 (112.6)                                      183.0 (185.9) [\*](#TFN5){ref-type="table-fn"}     328.3 (298.9)                                        690.1 (517.1)                                         26.8 (22.7)                                      26.2 (9.0) [\*\*](#TFN6){ref-type="table-fn"}   45.9 (15.5)

  Age                                                                                                                                                                                                                                                                                                                                                                           

  \< 18                                          68 (28.1)    219.7 (111.3)                                      166.6 (235.0)                                      271.6 (273.5)                                        664.1 (671.2)                                         30.1 (24.0)                                      21.4 (9.8)                                      40.9 (16.7)

  19 -- 35                                       59 (24.4)    171.8 (136.7)                                      162.6 (143.3)                                      247.3 (259.9)                                        573.4 (465.2)                                         25.2 (22.6)                                      27.5 (9.8)                                      43.1 (1.5)

  36 -- 55                                       83 (34.3)    183.0 (126.0)                                      184.6 (169.8)                                      351.9 (263.4)                                        728.3 (476.4)                                         23.9 (20.7)                                      26.3 (9.5)                                      48.5 (14.8)

  \> 55                                          32 (13.2)    193.3 (112.9)                                      348.7 (277.5) [\*\*](#TFN6){ref-type="table-fn"}   655.8 (519.4) [\*\*\*](#TFN7){ref-type="table-fn"}   1168.2 (865.4) [\*\*\*](#TFN7){ref-type="table-fn"}   14.7 (10.1) [\*\*](#TFN6){ref-type="table-fn"}   30.3 (9.5)                                      54.4 (8.9) [\*\*\*](#TFN7){ref-type="table-fn"}

  BMI^[1](#TFN8){ref-type="table-fn"}^                                                                                                                                                                                                                                                                                                                                          

  Underweight                                    28 (11.9)    241.4 (180.7)                                      153.8 (189.0)                                      234.5 (254.0)                                        629.9 (595.5)                                         37.2 (29.5)                                      25.8 (7.5)                                      41.7 (15.0)

  Normal                                         64 (27.1)    185.6 (118.9)                                      186.6 (254.7)                                      296.3 (343.9)                                        705.1 (684.6)                                         25.2 (22.5)                                      28.3 (9.1)                                      41.6 (19.0)

  Overweight                                     67 (28.4)    117.1 (143.6)                                      205.0 (226.8)                                      321.3 (376.5)                                        731.1 (597.3)                                         20.6 (19.7)                                      30.0 (10.5)                                     48.5 (12.6)

  Obese                                          77 (32.6)    184.8 (89.1)                                       191.1 (162.5)                                      381.0 (306.0)                                        750.5 (539.3)                                         22.4 (19.5) [\*](#TFN5){ref-type="table-fn"}     26.2 (9.2) [\*\*](#TFN6){ref-type="table-fn"}   50.2 (16.2) [\*\*](#TFN6){ref-type="table-fn"}

  Smoking                                                                                                                                                                                                                                                                                                                                                                       

  No                                             222 (91.7)   185.4 (121.9)                                      188.3 (215.3)                                      337.3 (325.8)                                        717.7 (610.4)                                         23.6 (20.7)                                      27.3 (9.3)                                      46.5 (15.9)

  Yes                                            20 (8.3)     184.4 (204.0)                                      203.2 (247.0)                                      332.6 (293.6)                                        834.2 (517.5)                                         24.5 (23.3)                                      30.9 (8.2) [\*](#TFN5){ref-type="table-fn"}     41.2 (19.4)

  Alcohol                                                                                                                                                                                                                                                                                                                                                                       

  Consumption                                                                                                                                                                                                                                                                                                                                                                   

  No                                             192 (79.3)   185.0 (129.3)                                      188.0 (216.0)                                      337.3 (329.1)                                        717.7 (607.8)                                         23.6 (22.6)                                      27.3 (9.2)                                      46.6 (17.0)

  Yes                                            50 (20.7)    188.7 (112.4)                                      197.6 (259.5)                                      332.6 (288.4)                                        808.9 (576.4)                                         24.1 (18.0)                                      27.6 (8.8)                                      43.1 (13.8)

  Seafood                                                                                                                                                                                                                                                                                                                                                                       

  Consumption^[2](#TFN9){ref-type="table-fn"}^                                                                                                                                                                                                                                                                                                                                  

  No                                             217 (90.0)   188.9 (113.4)                                      185.1 (211.6)                                      324.5 (323.4)                                        707.9 (596,0)                                         25.9 (22.2)                                      27.3 (9.3)                                      45.3 (16.5)

  Yes                                            24 (10.0)    125.0 (145.3) [\*\*](#TFN6){ref-type="table-fn"}   219.3 (229.7)                                      412.8 (302.3) [\*](#TFN5){ref-type="table-fn"}       802.8 (563.2)                                         15.7 (11.2) [\*\*](#TFN6){ref-type="table-fn"}   30.2 (8.0)                                      53.9 (17.3) [\*\*](#TFN6){ref-type="table-fn"}
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

: p\<0.1 by Kruskal-Wallis Test;

: p \< 0.05 by Kruskal-Wallis Test;

: p \< 0.0001 by Kruskal-Wallis Test.

n = 6 missing;

n = 1 missing

###### 

Percent change in concentration of plasma arsenicals associated with drinking water iAs.

                                                         Percent Change (95% CI) in Plasma Arsenicals                                                
  ------------------------------------------------------ ---------------------------------------------- ---------------------- --------------------- ----------------------
  Drinking Water iAs^[1](#TFN10){ref-type="table-fn"}^   6.3% (−0.7, 13.9)                              21.0% (14.4, 27.9)     21.5% (15.0, 28.3)    17.0% (11.3, 23.0)
  *Sex*                                                                                                                                              
  Males                                                  0.0% (ref)                                     0.0% (ref)             0.0% (ref)            0.0% (ref)
  Females                                                8.6% (−15.5, 39.5)                             −13.0% (−29.1, 6.6)    −13.7% (−29.3, 5.2)   −7.6% (−23.0, 10.9)
  Age                                                                                                                                                
  \< 18                                                  0.0% (ref)                                     0.0% (ref)             0.0% (ref)            0.0% (ref)
  18 -- 35                                               −13.8% (−39.4, 22.7)                           −2.4% (−26.8, 30.1)    −5.3% (−28.5, 25.3)   −5.6% (−27.0, 22.0)
  35 -- 55                                               4.7% (−27.2, 50.6)                             13.6% (−15.5, 52.6)    32.7% (−0.5, 77.1)    21.2% (−6.9, 57.9)
  ≥ 55                                                   10.7% (−27.6, 69.2)                            54.0% (9.0, 117.5)     77.7% (26.8, 148.9)   53.6% (12.8, 109.3)
  BMI                                                                                                                                                
  Underweight                                            0.0% (ref)                                     0.0% (ref)             0.0% (ref)            0.0% (ref)
  Normal                                                 −5.8% (−36.0, 38.6)                            0.9% (−26.3, 38.1)     −7.7% (−32.1, 25.4)   −8.6% (−31.0,21.0)
  Overweight                                             −17.6% (−47.7, 29.7)                           −1.2% (−31.7, 43.0)    −7.8% (−35.7, 32.3)   −13.8% (−38.1, 20.0)
  Obese                                                  −10.9% (−43.7, 40.8)                           −10.3% (−38.2, 30.3)   −6.5% (−35.1, 34.5)   −13.8% (−38.3, 20.4)
  Smoking                                                                                                                                            
  No                                                     0.0% (ref)                                     0.0% (ref)             0.0% (ref)            0.0% (ref)
  Yes                                                    −13.4% (−41.0, 27.2)                           −11.6% (−35.4, 20.9)   5.3% (−22.4, 42.9)    −4.7% (−28.0,26.1)
  Seafood Consumption                                                                                                                                
  No                                                     0.0% (ref)                                     0.0% (ref)             0.0% (ref)            0.0% (ref)
  Yes                                                    −33.2% (−53.0, −5.2)                           −13.8% (−35.2, 14.8)   −8.1% (−30.5, 21.4)   −15.6% (−34.6, 9.0)

percent change in plasma arsenicals associated with a doubling of the concentration of drinking water iAs.

###### 

Percent change in concentration of urinary arsenicals associated with plasma arsenicals.

                                             Percent Increase (95% CI) in Urinary Arsenicals                                                 
  ------------------------------------------ ------------------------------------------------- ---------------------- ---------------------- ----------------------
  P-iAs^[1](#TFN11){ref-type="table-fn"}^    12.9% (2.5, 24.2)                                                                               
  P-MMAs^[1](#TFN11){ref-type="table-fn"}^                                                     45.9% (34.8, 57.9)                            
  P-DMAs^[1](#TFN11){ref-type="table-fn"}^                                                                            47.7% (34.2, 62.5)     
  P-tAs^[1](#TFN11){ref-type="table-fn"}^                                                                                                    49.8% (36.0, 64.9)
  Sex                                                                                                                                        
  Males                                      0.0% (ref)                                        0.0% (ref)             0.0% (ref)             0.0% (ref)
  Females                                    −35.0% (−50.1,−15.3)                              −18.6% (−33.1,−0.9)    −26.0% (−41.3,−6.6)    −27.5% (−41.2,−10.6)
  Age                                                                                                                                        
  \< 18                                      0.0% (ref)                                        0.0% (ref)             0.0% (ref)             0.0% (ref)
  18 -- 35                                   −23.0% (−46.9, 11.5)                              −14.0% (−34.5, 12.9)   −17.6% (−40.4, 13.9)   −15.2% (−36.7, 13.6)
  35 -- 55                                   −16.5% (−43.3, 22.9)                              −5.2% (−28.7, 26.0)    −7.5% (−34.1, 29.7)    −7.3% (−31.7, 25.9)
  ≥ 55                                       21.1% (−22.8, 90.1)                               28.1% (−8.6, 79.5)     8.0% (−27.9, 61.7)     12.9% (−21.4, 62.3)
  BMI                                                                                                                                        
  Underweight                                0.0% (ref)                                        0.0% (ref)             0.0% (ref)             0.0% (ref)
  Normal                                     12.4% (−25.7, 70.0)                               −18.0% (−39.5, 11.3)   −2.7% (−32.2, 39.8)    −1.3% (−28.8, 36.9)
  Overweight                                 33.2% (−17.1, 114.0)                              −25.9% (−47.7, 4.9)    2.4% (−32.3, 54.8)     8.6% (−25.3, 57.8)
  Obese                                      11.0% (−31.5, 79.8)                               −25.4% (−47.7, 6.4)    8.7% (−28.7, 65.7)     8.4% (−25.9, 58.7)
  Smoking                                                                                                                                    
  No                                         0.0% (ref)                                        0.0% (ref)             0.0% (ref)             0.0% (ref)
  Yes                                        23.8% (−17.6, 86.0)                               2.7% (−24.0, 38.6)     32.1% (−7.7, 88.9)     29.4% (−6.3, 78.7)
  Seafood                                                                                                                                    
  Consumption                                                                                                                                
  No                                         0.0% (ref)                                        0.0% (ref)             0.0% (ref)             0.0% (ref)
  Yes                                        28.3% (−9.5, 81.8)                                −13.7% (−33.1, 11.4)   9.1% (−19.4, 47.7)     13.4% (−13.7, 49.0)

percent change associated with a doubling of the concentration of plasma arsenicals

###### 

Mean difference in proportions of plasma arsenicals associated with drinking water iAs

                                                         Mean Difference (95% CI) in Plasma Arsenicals                       
  ------------------------------------------------------ ----------------------------------------------- ------------------- -------------------
  Drinking Water iAs^[1](#TFN12){ref-type="table-fn"}^   −3.6% (−5.1, −2.1)                              1.2% (0.4, 2.0)     2.4% (1.2, 3.7)
  *Sex*                                                                                                                      
  Males                                                  0.0% (ref)                                      0.0% (ref)          0.0% (ref)
  Females                                                4.7% (0.9, 8.5)                                 −1.9% (−3.9, 0.1)   −2.8% (−6.1, 0.5)
  Age                                                                                                                        
  \< 18                                                  0.0% (ref)                                      0.0% (ref)          0.0% (ref)
  18 -- 35                                               −1.0% (−6.3, 4.4)                               0.5% (−2.4, 3.3)    0.6% (−4.0, 5.2)
  35 -- 55                                               −2.2% (−7.8, 3.3)                               −2.3% (−5.2, 0.6)   4.5% (−0.2, 9.2)
  ≥ 55                                                   −6.4% (−12.9, 0.1)                              −0.5% (−3.9, 2.9)   6.9% (1.8, 12.4)
  BMI                                                                                                                        
  Underweight                                            0.0% (ref)                                      0.0% (ref)          0.0% (ref)
  Normal                                                 −2.1% (−8.0, 3.7)                               3.0% (−0.2, 6.1)    −0.8% (−5.9, 4.2)
  Overweight                                             −5.1% (−12.0, 1.8)                              4.0% (0.4, 7.7)     1.0% (−4.9, 7.0)
  Obese                                                  −3.5% (−10.5, 3.5)                              1.5% (−2.2, 5.2)    2.0% (−4.0, 8.0)
  Smoking                                                                                                                    
  No                                                     0.0% (ref)                                      0.0% (ref)          0.0% (ref)
  Yes                                                    −2.5% (−8.3, 3.4)                               −1.9% (−5.0, 1.2)   4.4% (−0.6, 9.4)
  Seafood Consumption                                                                                                        
  No                                                     0.0% (ref)                                      0.0% (ref)          0.0% (ref)
  Yes                                                    −4.5% (−9.8, 0.9)                               0.7% (−2.2, 3.5)    3.8% (−0.8, 8.4)

percent change in plasma arsenicals associated with a doubling of the concentration of drinking water iAs.

###### 

Mean difference in the proportion of urinary arsenicals associated with the proportion of plasma arsenicals.

                                              Mean Difference (95% CI) in %Urine Arsenicals                        
  ------------------------------------------- ----------------------------------------------- -------------------- -------------------
  %P-iAs^[1](#TFN13){ref-type="table-fn"}^    −0.8% (−1.9, 0.3)                                                    
  %P-MMAs^[1](#TFN13){ref-type="table-fn"}^                                                   0.4% (−0.8, 1.7)     
  %P-DMAs^[1](#TFN13){ref-type="table-fn"}^                                                                        1.6% (0.1, 3.1)
  *Sex*                                                                                                            
  Males                                       0.0% (ref)                                      0.0% (ref)           0.0% (ref)
  Females                                     0.6% (−2.9, 4.0)                                1.3% (−0.7, 3.3)     −0.9% (−4.8, 3.0)
  Age                                                                                                              
  \< 18                                       0.0% (ref)                                      0.0% (ref)           0.0% (ref)
  18 -- 35                                    0.7% (−4.1, 5.5)                                1.4% (−1.4,4.3)      −2.2% (−7.6, 3.3)
  35 -- 55                                    −1.2% (−6.2, 3.8)                               0.2% (−2.7, 3.2)     0.2% (−5.4, 5.9)
  ≥ 55                                        −1.2% (−7.0, 4.6)                               1.1% (−2.3, 4.5)     −1.8% (−8.4, 4.9)
  BMI                                                                                                              
  Underweight                                 0.0% (ref)                                      0.0% (ref)           0.0% (ref)
  Normal                                      0.5% (−4.8, 5.8)                                −2.0% (−5.1, 1.2)    1.2% (−4.8, 7.1)
  Overweight                                  2.9% (−3.4, 9.1)                                −4.8% (−8.5, −1.2)   1.0% (−6.0, 8.0)
  Obese                                       −0.8% (−7.1, 5.5)                               −4.8% (−8.5, −1.1)   4.7% (−2.3, 11.8)
  Smoking                                                                                                          
  No                                          0.0% (ref)                                      0.0% (ref)           0.0% (ref)
  Yes                                         −1.5% (−6.8, 3.8)                               −3.1% (−6.2, 0.0)    3.5% (−2.6, 9.6)
  Seafood                                                                                                          
  Consumption                                                                                                      
  No                                          0.0% (ref)                                      0.0% (ref)           0.0% (ref)
  Yes                                         −0.4% (−5.1, 4.3)                               −3.3% (−6.1,−0.6)    2.1% (−3.2, 7.5)

mean difference in plasma arsenicals associated with a 10% increase in the proportion of plasma arsenical
